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Repeat bathymetric surveys at 1-metre resolution
of lava ﬂows erupted at Axial Seamount in
April 2011
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At sites with frequent submarine volcanic activity, it is
difﬁcult to discern between new and pre-existing lava
ﬂows. In particular, the distribution of the ﬁssures from
which lava erupts, the routes taken by lava ﬂows and the
relationship between the new ﬂows and the pre-existing
seaﬂoor bathymetry are often unclear. The volcanic and
hydrothermalsystemsofAxialSeamountsubmarinevolcanoin
thePaciﬁcOceanhavebeenstudiedintensivelysinceeruptions
were detected in 1998 (refs 1,2) and 2011 (ref. 3). Here we
combine pre- and post-eruption bathymetric surveys3–8, with
1-m lateral resolution and 0.2-m vertical precision, to precisely
map the extent and thickness of the lava ﬂows, calculate the
volume of lava and unambiguously identify eruptive ﬁssures
from the April 2011 eruption. Where the new lava ﬂows
extend beyond the boundaries of the repeated surveys, we
use shipboard multibeam surveys to map the ﬂows with lower
resolution. We show that the eruption produced both sheet
and lobate ﬂows associated with high eruption rates and low-
eruption-rate pillow mounds. We ﬁnd that lava ﬂows erupted
from new as well as existing ﬁssures and tended to reoccupy
existing ﬂow channels. This reoccupation makes it difﬁcult to
map submarine ﬂows produced during one eruption without
before-and-afterbathymetricsurveys.
AxialSeamountisalargevolcanicedificesituatedatthejunction
of the Cobb hotspot trace with the Juan de Fuca Ridge spreading
centre. The summit (Fig. 1) is characterized by a prominent 3- by
8-km horseshoe-shaped caldera that is more than 100 m deep at its
north end and overflowed by recent eruptions along its southern
margin9. Observations of the 1998 eruption2,1013 with attendant
seismic and geodetic signals, large lava flows and subsequent
changes in hydrothermal activity led to sustained observatory
and expeditionary studies of the geology and hydrology of the
seamount1,14,15. One aspect of these studies was the collection of
near-bottom 1-m-resolution bathymetric mapping of the summit,
including the caldera floor and rim, and the upper south rift zone,
during 13 surveys in 20062009 using the autonomous underwater
vehicle(AUV)D.AllanB.(ref.8;Fig. 1).
A second historical eruption on Axial Seamount began on 6
April 2011 and lasted for six days, but was not discovered until late
July during a remotely operated vehicle (ROV) Jason dive in the
southern caldera. This discovery, and the data from in situ bottom-
pressure recorders and ocean-bottom hydrophones that revealed
the timing of the eruption, are presented in recent studies3,16.
Withinaweekafterrecognitionoftheeruption,theAUVD.AllanB.
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mapped the flows in and near the caldera in surveys designed using
the observations of new lava and missing instruments3,16. The 2011
post-eruption survey mostly overlies the pre-eruption coverage
collected in 20062009, allowing unequivocal identification of the
extent and thickness of the new lava flows as a depth-difference
map (Fig. 2ac), and the flow morphology. The difference map
can resolve flow thicknesses as thin as 0.2m. From these data
we interpreted the flow margins and eruptive fissure locations
(Fig. 2d). The high-resolution maps in turn guided ROVs Doc
Ricketts and ROPOS dives to confirm the distribution of new
lava with video observations and samples. During the ROPOS
dive programme in August, shipboard 30-kHz multibeam data
collected by the research vessel (RV) Thompson on Axial allowed
lower-resolution detection, outside the AUV coverage, of seafloor
changes owing to emplacement of new lava when compared with a
survey in May 1998 (ref. 17).
Similar techniques have been applied previously using lower-
resolution bathymetry data collected during repeat surveys from
ships1820. Pre- and post-eruption sidescan and bottom photogra-
phy of the 20052006 eruption at 9 500 N on the East Pacific Rise
were used to map the extent and estimate the thickness and volume
of the new flows21,22, but near-bottom 5-m lateral, 1-m vertical
resolution bathymetry were collected only before that eruption23
and only for <2km2. One-metre-resolution bathymetric surveys
havebeencompletedforonlyafewsmallsectionsoftheglobalridge
system, and Axial Seamount is the only location where both pre-
andposteruptionsurveyshavebeencollected.
The 2011 flows erupted from multiple, discontinuous en echelon
fissures (Fig. 2d), most aligned perfectly with at least six different
fissures present before the 2011 eruption. Some of the fissures
increased in width as much as 7m (to become 16m wide in
one place) and increased in depth as much as 10m (to become
18m deep in one place). Fissure eruptions at Kilauea and Mauna
Loa volcanoes create new, often closely parallel, fissures, but
reoccupation, deepening and widening of the same fissures has not
been documented, nor has the remarkable and exact reoccupation
of multiple fissures from different eruptions. The fissures extend
10km from their north end on the eastern caldera rim to the
south near the 1998 south rift lava flow24. A 1,050-m-long new
ridge (labelled A on Fig. 2d) at the south end of the en echelon
fissure system (mapped only in part by the new 1-m-resolution
surveys) is located astride a wide fissure seen in the pre-eruption
bathymetry, but is located north of the section of this same
fissure that erupted in 1998. Newly formed fissures erupted only
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Figure 1jPost-eruption Axial Seamount bathymetry combining
high-resolution bathymetry collected by AUV and EM302 data gridded at
5-m spacing. The extent of the pre- and post-eruption high-resolution
surveys is shown using white and red outlines, respectively. Boxes show the
extents of Figs 2–5.
at the northern end of the fissure system on the east rim of the
caldera and just north of ridge A. Fissure segments have lengths
from 60 to 570m. Lateral offsets in the fissures (Fig. 2d) jump
eastwards and then westwards, and are as large as 300m, resulting
in discontinuous surface flows. The southernmost fissures are
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Figure 2jHigh-resolution bathymetry of the summit ﬂows gridded at 1-m
resolution. a, Map showing pre-eruption bathymetry with the area mapped
in 2011 outlined by a red line. b, Map showing post-eruption bathymetry
with the area mapped in 2006–2009 outlined by a red line. c, The lava
ﬂows are deﬁned using the difference between pre- and post-eruption
bathymetry. Red lines show ﬂow margins outside the high-resolution
coverage inferred from hull-mounted multibeam and backscatter data.
d, The post-eruption bathymetry from b with an interpretive overlay
showing the ﬂow margins as black outlines. Eruptive ﬁssures shown in red
with 1, new ﬁssures; 2, reoccupied 1998 ﬁssures26; and 3, reoccupied
pre-1998 ﬁssures. Lava ﬂow channels are shown in blue. The longest
channel (3.6km) terminated adjacent to Ashes hydrothermal vent ﬁeld.
Pillow ridge A referred to in the text is labelled. The exact location of the
ﬁssure labelled ‘?’ is uncertain because it is buried by lava. All maps are
scaled the same. The topography colour bar applies to a,b,d. The
topography difference colour bar applies to c.
oriented15 (measuredclockwiserelativetonorth),identicaltothe
underlying 1998 fissure, but rotate anticlockwise at the northern
end to 346353, similar to the roughly 342 orientation of the
nearby caldera rim.
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Figure 3jHigh-resolution bathymetry for a small area located at the southwest corner of the caldera (see Fig. 1 for location). a, Pre-eruption bathymetry
from 2006–2009 surveys. b, Post-eruption bathymetry from 2011 surveys. c, Bathymetric difference map showing the extent and thickness of the 2011 lava
in this region. Here the ﬂow ﬁlled a shallow depression and inﬂated, attaining a 15-m thickness. All maps are scaled the same.
At the north end of the eruption area, sheet and lobate flows
from a new fissure on the caldera rim cascaded westwards into the
caldera forming a small mound of lava at the base of the caldera
wallandwereobserveddrapingthe2025-m-highcalderawall.This
sameflowextendseastawayfromthecaldera,butwasincompletely
mapped by the D. Allan B. Here, the flows are generally <5-m thick
from comparison of the pre-eruption AUV survey and bathymetry
collected from the RV Thompson after the eruption. As with most
sheet flows at Axial, channels of jumbled lava morphology are
surroundedbyhigher-standing,uncollapsedlobatemargins.
The three large summit lava flows observed during ROV dives
wereemplacedaslobatesheetflowsthatinitiallyponded45mdeep
near their eruptive fissures, and then drained and collapsed as the
flows advanced down channels, mainly to the west. Positive depth
differences everywhere within pre-existing drained areas show that
the2011lavacompletelyfloodedthesepre-existingchannelsystems
and then quickly drained away, leaving vertical pond walls and lava
pillars as tall as 5m. Other channels in the new flows followed and
smoothed previous channels with levees or channels of drained,
jumbled sheet flows, similar to descriptions of reoccupation of
channels in the 20052006 9 500 N flows21,22. Most channels and
flows mimic the morphology of previous lava flows to a remarkable
degree, including the 1998 sheet flow24. Beyond the near-vent sheet
flows with collapses and channels, the overflows and distal portions
transitiontoinflatedlobateflowsthatthickendramaticallytowards
their distal ends, reaching thicknesses of 1015m compared with
near-vent sheet flows that are only <1m to several metres thick. A
distal inflated lobe emplaced adjacent to the Ashes hydrothermal
fieldisprominentinthedifferencemap(Figs 2and3).Thisflowwas
fed through a 3.6-km-long zigzag channel and the upper portions
follow channels in the underlying 1998 lava flow (Fig. 2d). Near the
southernmost portion of the 2011 lava flows on the upper south
rift zone, the flows fill some existing fissures and collapse areas to
1516m deep (Fig. 4).
Other than the sheet flows in the channels, most of the 2011
lavas in the caldera and upper south rift have lobate morphology
andcoverpre-existingsheetflows,partiallyfillingexistingchannels.
ROVobservationsindicatethatthelobateflowstypicallyhaveabout
2550mmarginsofsmallpillowlavas,asdescribedpreviouslyatthe
East Pacific Rise2123. The summit flows cover an area 7:8106 m2
and contain a volume of 27106 m3 of freshly erupted lava. The
averageflowthicknessis3.5m,themaximumthicknessis17mand
11%ofthenewflowsbyareaare<1mthick.
A 2-km long, 30-m thick ridge (labelled A on Fig. 2d) on the
south rift zone extends beyond the AUV survey but is covered by
shipboard multibeam. ROV exploration confirmed it is made of
new pillow lavas. This ridge has an area of 0:6106 m2 and consists
of 6:2  106 m3 of new lava, with an average thickness of 10m
and a maximum thickness of 26m. The comparison of 1998 and
2011shipboardmultibeamalsorevealsasecondridge(labelledBin
Fig. 5)thatis4.8kmlongandupto137mthickandwhosenorthern
end is 18.5km south of the southern end of ridge A. Hydroacoustic
datashowedthatthedykingeventassociatedwiththe1998eruption
extended 50km down the south rift beyond ridge B (ref. 10).
SeismicdatafromtheUSNavySoundSurveillanceSystem(SOSUS)
hydrophone array data available from 1998 to December 2009
and ocean-bottom hydrophones since then16, as well as seafloor
deformationobservationsinthecalderafrom2000totheApril2011
eruption3,15, detected signals associated with intrusion or eruption
only during the two known eruptions in 1998 and 2011; therefore
weconcludethatridgeBismostprobablypartofthe2011eruption.
RV Thompson dredged ridge B in October 2011 and the samples
are being dated using the 210Po210Pb technique to establish when
this feature erupted (K. Rubin, personal communication). Ridge B
averages38mthick,covers1:7106 m2 andcontains66106 m3 of
plagioclase-phyric fresh basalt, making it distinct from the aphyric
basalt sampled from the other 2011 flows, and twice the volume
erupted near the summit.
If ridge B is included, the 2011 Axial Seamount flows cover an
area of 10:1km2 and have a volume of 0:099km3. The 2011 flows
erupted from an en echelon fissure system that extended semicon-
tinuously for 10km from the eastern rim of the summit caldera
(33.3km discontinuously including ridge B). In comparison, the
1998 lavas erupted from two separate fissure systems, one 3.8-km
longandtheother1.4-kmlong,extending9.9kmintotallength24.
The 2011 flows are dominantly lobate and sheet flows near the
summit similar to those erupted during the much less voluminous
1998 eruption24. Their thinness and flow morphology near the
eruptive vents and within channels, long flow lengths (up to 3.6km
from the vents, Fig. 2d) and thick distal ends all suggest they were
emplaced rapidly. In contrast, the pillow ridges, especially the one
on the lower south rift where two-thirds of the volume of new
lava was erupted, were probably emplaced more slowly and over a
longer period of time. Thus, the 2011 eruption consisted of both
high-eruption-rate sheet and lobate flows and low-eruption-rate
pillow mounds, in contrast to all other documented eruptions
that consist of one or the other21,22,25. The early high-effusion-rate
part of the eruption may have depleted magma stored at shallow
depthsofvolatilessuchasCO2,leadingtolater,lower-effusion-rate
production of pillow lava26.
The extent to which pre-existing, drained, near-fissure, ponded
flows and channels were reoccupied is similar to observations
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Figure 4jHigh-resolution bathymetry for a small area south of the caldera on the upper south rift zone (see Fig. 1 for location). a, Pre-eruption
bathymetry from 2006–2009 surveys. b, Post-eruption bathymetry from 2011 surveys. c, Bathymetric difference map showing the extent and thickness of
the 2011 lava in this region. The ﬂow erupted from pre-existing ﬁssures and ﬁlled several old ﬁssures, tectonic fractures and collapse features in the centre
of a low pillow mound. The ﬂow thickened into a pillow ridge (referred to as ridge A in the text) to the south, which partly lies outside the high-resolution
repeat mapping coverage. All maps are scaled the same.
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Figure 5jShipboard multibeam bathymetry of the southern ridge, referred to as ridge B in the text, gridded at 5-m spacing. a, Pre-eruption
70-m-resolution bathymetry from EM300 multibeam data17. b, Post-eruption 35-m-resolution bathymetry from EM302 multibeam data. The ﬂow margin
is shown in red. c, Bathymetric difference map. Ridge B is as much as 137m thick and is interpreted to have formed as part of the April 2011 eruption. All
maps are scaled the same.
along the East Pacific Rise2123, but eruptive fissures from previous
eruptions were also reoccupied. The Axial flows covered the area
completely, leaving only rare kipukas, in contrast to the dozens
observedinthe20052006flowsontheEastPacificRise22.Likewise,
evidence for drainback into the eruptive fissures is restricted to
deep fissures on the uppermost rift zone south of the caldera in the
2011 flows, compared with widespread observations of drainback
at fissures on the East Pacific Rise2123,27. The reoccupation of
the drained ponds and channels at Axial is a consequence of
the same fissures being reactivated. This characteristic, where
subsequentflowsmimicearlierones,complicatesourabilitytomap
submarine flows produced during single eruptions where we lack
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before-and-after bathymetry. For example, it would now be much
more difficult to map the 1998 summit flows24 as distinct from the
2011 flows. The composite character of at least some mapped flows
mayexplainthedifferencebetweenarecurrenceintervalof13years
based on the 1998 and 2011 eruptions, and 33 years based on
mappingof11flowsyoungerthan360yearswithinthecaldera7.
Methods
The D. Allan B. is a torpedo-shaped, 5.2-m-long, 6,000-m-depth-rated AUV
designed and constructed by the Monterey Bay Aquarium Research Institute
for high-resolution seafloor surveys8. The vehicle carries a 200-kHz 1 1
beam-width multibeam sonar, 110-kHz chirp sidescan sonar, 16-kHz chirp
sub-bottom profiler, magnetometer and conductivity, temperature and depth
(CTD) sensor for 17.5-h missions at 1:5ms 1 speed. The near-bottom surveys
were run at an altitude of 50m, yielding bathymetry with 1-m lateral resolution.
Real-time navigation was provided by an inertial navigation system aided by
velocity-over-bottom data from a Doppler velocity log sonar and depth data from a
pressure sensor; the inertial navigation was accurate relative to the starting location
to0.05%ofdistancetravelled,orbetterthan35mduringthe70-km-longsurveys.
However, the initial AUV location was set by acoustic modem communication
using tracking from an ultra-short-baseline sonar and thus the absolute accuracy
of the initial navigation was limited by the ultra-short-baseline fix precision
of roughly 50100m.
The mapping data were processed using the MB-System software
package8,17,28,29. All multibeam data were corrected for tides using pressure
data from a bottom-pressure recorder deployed inside the caldera3. The program
MBnavadjust was used to adjust the AUV navigation by lateral translations of as
muchas85msothatfeaturesmatchinoverlappingbathymetryswathes.MostAUV
missions required correction for dive-specific static pressure depth offsets less than
0.5m; two missions had offsets of about 5m. The pre- and post-eruption surveys
were co-registered by matching features away from the new lava flows. The AUV
bathymetry were also co-registered with the EM302 bathymetry collected by the
RV Thompson. The EM302 data are lower resolution but global-positioning-system
navigated, so co-registration improved the AUV navigation accuracy in an absolute
sense. The final navigation is accurate in a relative sense to 1m, in an absolute
sense to 35m (the lateral resolution of the EM302 bathymetry) and has a vertical
precision of 0.1m. The difference maps used to identify the new lava flows have
a vertical precision of 0.2m, consistent with noise in regions of no change. Flow
volumes were calculated by two methods that yielded similar results. The values
reported here were calculated by integrating the bathymetric difference within the
manually drawn flow boundaries shown in Fig. 2d. The second method used as a
quality check was to integrate the bathymetric difference wherever the difference
exceeded the detection threshold of C0.2m.
Hull-mounted 30-kHz multibeam data used outside the high-resolution
coverage collected from the AUV were collected four months after both the
1998 and 2011 eruptions. The 1998 surveys used a 22 beam width EM300
multibeam (RV Ocean Alert)17 and the 2011 surveys used a 1:0 1:0 beam
width EM302 multibeam (RV Thompson). No intervening surveys of the south rift
were conducted. The footprint-weighted mean algorithm of MBgrid was used to
incorporate the beam footprint geometry of each sounding in the gridding process.
Thus, although grids combining high-resolution and shipboard multibeam data
were calculated with a 5-m grid cell size, the features mapped only by shipboard
multibeam are resolved to the beam footprint scales of 50m at the summit to 70m
atthesouthernendofFig. 1fortheEM300and2535mfortheEM302.
Bottom observations and samples from ROV dives conducted during summer
2011 confirm the new lava flows inferred from the repeat mapping. These include
ROVJasondivesJ2-580,J2-581andJ2-583,ROVDocRickettsdivesD254andD270,
and ROV ROPOS dives R1467, R1469, R1470, R1472 and R1473. Dredge D01 from
ridgeBwasrecoveredbyRVThompsonduringtransitTN271.
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